Abstract-A wide-range differential difference operational floating amplifier (DDOFA) is introduced. The DDOFA is a new block useful for continuous-time analog signal processing. The DDOFA is realized using a differential difference transconductor with large signal handling capability and a single input differential output current op-amp. The DDOFA forces two differential voltages to the same value and provides two balanced output currents. This brief presents a CMOS realization of the DDOFA, and some of its applications are provided, such as a voltage-to-current converter, MOS-grounded and floating resistors, a MOS multiplier/divider cell, a differential integrator, a continuoustime MOS-C filter, a MOS-C current oscillator, and a MOS-C floating inductor. Simulation results for the DDOFA circuit and its applications are given.
I. INTRODUCTION
Before discussing the differential difference operational floating amplifier, a short refresher of the differential difference amplifier (DDA) is given. As discussed in [1] - [5] , the DDA, whose symbol is shown in Fig. 1 , is an extension of the concept of the op-amp, the main difference being that, instead of two single-ended inputs as in the case of op-amps, it has two differential input ports (V2 0V1) and 
The DDOFA, whose symbol is shown in Fig. 2 , also has two differential input ports, but in addition, it provides two balanced output currents through the two output terminals instead of one output voltage as in the cases of op-amps and DDA's. Therefore, the output currents of the DDOFA can be written as
where Go is the open-loop transconductance gain of the DDOFA. If a negative feedback is introduced, from I o+ (I o0 ) to V 1 and/or V 4 (V 2 and/or V 3 ) which is indicated from (3), the following expression is obtained:
V2 0 V1 = V4 0 V3 with Go ! 1:
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Therefore, the open-loop transconductance gain should be as large as possible to achieve high-performance operation. The DDOFA is realized using a differential difference transconductor which converts the two differential voltages into a current which is then amplified by using current op-amps with balanced outputs. In this brief, an NMOS realization of a programmable linear differential difference transconductor with large signal-handling capability is given in Section II. In Section III, the overall DDOFA circuit using the proposed differential difference transconductor and current op-amp is given. Specific DDOFA-based applications, such as a voltage-to-current converter, a MOS grounded resistor, a MOS floating resistor, a MOS multiplier/divider cell, and the application of the DDOFA in the realization of a continuous-time MOS-C filter, a MOS-C current oscillator, and a MOS-C floating inductor are given in Section IV. Simulation results using PSPICE for the DDOFA circuit and its applications which verify the analytical results are also provided after each application.
II. THE PROPOSED DIFFERENTIAL DIFFERENCE TRANSCONDUCTOR
In this section, a realization of a linear NMOS differential difference transconductor whose transconductance can be tuned by a bias voltage VB is introduced. The differential difference transconductor represents the input stage of the DDOFA shown in Fig. 3 and is formed from transistors M1-M16. All transistors are assumed to be operating in the saturation region with their sources connected to their substrates.
The drain current of the NMOS transistor in that region is given by
where K = nCox(W=L); (W=L) is the transistor aspect ratio, n is the electron mobility, Cox is the gate oxide capacitance per unit area, and V T is the threshold voltage (assumed to be the same for every NMOS transistor).
Transistors M1-M8 are assumed to be matched transistors, and their currents are linearized by using the four biasing circuits formed from transistors M9-M16. Consider the biasing circuit formed from M 11 and M 15; the current flowing through M11 is given by
and the same current flowing through M 15 is given by
where V B is the control voltage, taking, K 11 = K 15 ; hence, from (6) and (7), the biasing voltage Va is given by V a = V 1 0 V B 0 V DD : 
Therefore, the currents flowing through M1-M8 can be obtained. The current of the transistors M1-M4 can be written as
The currents of the transistors M5-M8 are given, respectively, by
(13) By substituting from (12)- (16) in (18), the transconductor output current I d is given as
where
Therefore, the NMOS circuit formed from transistors M1-M16 and shown in Fig. 3 operates as a differential difference transconductor with a programmable transconductance G m : 
III. THE OVERALL DDOFA CIRCUIT
The overall DDOFA circuit using the differential difference transconductor is shown in Fig. 3 . The two output currents of the transconductor Ia and I b are subtracted and converted into a voltage with a high gain by using the complementary folded cascode amplifier formed from transistors M17-M24 [6] . The amplified voltage is then converted into two balanced currents I o+ and I o0 by using the transconductance output stage formed from M25-M30 [7] - [11] . In addition, a compensation capacitor (C) is added between the Vo1 node and ground.
A simplified function model for the DDOFA can be introduced as in the case of the op-amp [12] which is composed of ideal circuit elements shown in Rin (considered to be infinity). This voltage is converted into a current G m V id ; where G m is the transconductance of the differential difference transconductor circuit. This current is converted into a voltage Vo1 by the gain stage of equivalent output resistance and capacitance R o1 and C o1 ; respectively. This voltage is then converted into two balanced currents Io+ and Io0 by the output transconductor with the equivalent input resistance and capacitance Ri1 (considered to be infinity) and C i1 (includes the compensating capacitor). The frequency-dependent output current of the DDOFA is given by
where the open-loop gain G o is given by
and ! P is given by
where Gm is the transconductance of the differential difference transconductor. PSPICE simulation results for the DDOFA circuit are given in Table I , with the transistor aspect ratios given in Table II , and the compensation capacitor C = 5 pF. TABLE I   TABLE II IV. APPLICATIONS OF THE DDOFA
In the following subsections, several applications of the DDOFA circuit are discussed, and the PSPICE simulation results are given to verify the concepts. V peak-to-peak is 0.439%.
A. The DDOFA Voltage-to-Current Converter

B. DDOFA-MOS Grounded and Floating Resistors
An equivalent grounded and floating resistor can be realized using the DDOFA and MOS transistors operating in the nonsaturation region. The current through the MOS transistors in that region can be linearized if its drain and its source are out of phase [13] .
1) The MOS Grounded Resistor: The DDOFA-MOS grounded resistor is shown in Fig. 7(a) , where the DDOFA inverter is connected between the drain and the source nodes of the transistor. Therefore, the input current of the circuit equals the linearized drain current of the MOS transistor M1 which is given by Ii = 2K(VG 0 VT )Vi; for VG jVij + VT : (25) Therefore, the circuit is equivalent to a voltage-controlled grounded resistor with magnitude given by (27) A noninverting integrator can be realized as shown in Fig. 7(b) , and the output voltage Vo is given by
A lossy current integrator is realized as shown in Fig. 7(c) , and the output current I o is given by 2) The MOS Floating Resistor: The DDOFA can also be used to realize a floating resistor as shown in Fig. 8 Fig. 4) , reveals a linear current variation of 660 A and for a 1-V peak-to-peak 100-kHz input signal, the THD calculated using VG = 3 V and K = 55=3A/V 2 is 0.589%.
C. The DDOFA-MOS Multipler/Divider Cell
Analog multipliers and dividers have a wide range of applications in traditional analog signal processing, telecommunications, and electronic systems, as well as in analog computational systems based on biological neural paradigms [13] - [18] .
A MOS multiplier/divider cell can be realized using the DDOFA and MOS transistors operating in the nonsaturation region by using circuit techniques similar to that used in obtaining linear grounded and floating resistors. The proposed MOS multiplier/divider circuit is shown in Fig. 9(a) 
E. The DDOFA-MOS-C Continuous Time Filter
The differential integrator is a basic building block in realizing continuous-time filters [20] - [25] . The DDOFA-based differential integrator and the DDOFA-based grounded resistor are used to implement a continuous-time filter with voltage and current outputs for both the bandpass and highpass and a voltage output for the lowpass characteristic as shown in Fig. 11(a) . The transfer functions of the filter are given by 
The magnitudes of R1 and R2 are given by
The PSPICE simulation results for the LP, BP, and HP characteristics are shown in Fig. 11(b) , where R1 = 10k; R2 = 10k; K1 = K 2 = 25A=V 2 , V G1 = V G2 = 3 V, C 1 = 10 nF, and C 2 = 1 nF. Fig. 12(a) shows the DDOFA current oscillator. The oscillator has two outputs I osc1 and I osc2 : In this circuit, a new block is introduced which makes the node voltages and currents of a and b out of phase. In addition to this block, two MOS grounded resistors and two capacitors are used to implement the oscillator. The condition of oscillation is given by
F. The DDOFA-MOS-C Current Oscillator
Taking In a practical implementation, the condition of oscillation may not be achived exactly, the tuning property of the voltage-controlled grounded resistors R1 and R2 can be used to achieve the condition of oscillation. 
G. The DDOFA-MOS-C Floating Inductor
A voltage-controlled floating inductor can also be realized by using the DDOFA and MOS transistors operating in the nonsaturation region. The MOS-C floating inductor circuit is shown in Fig. 13 . The input and output currents of the circuit are equal and are given by A wide-range differential difference operational floating amplifier has been proposed. The DDOFA is realized using a new NMOS differential difference transconductor with large signal-handling capability. Applications of the DDOFA in analog signal processing have been discussed, and are summarized in Table III . It is interesting to note that in all applications, tuning can be achieved via control voltage as discussed in the grounded and floating resistors, multiplier/divider cell, continuous-time filter, current oscillator, floating inductor, and also the voltage-to-current converter if a voltage-controlled grounded resistor is used. PSPICE simulation results for all applications are given to confirm the analytical results.
